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Uniform steady flow throughout a laboratory column, although conceptually simple and of great practical value, is difficult to attain in practice. This is particularly so for experiments where a high water flux is specified at a boundary since intuitively it would be expected that [2] [13][28] [29] ) or water phase/soil reactive chemistry (e.g., [3] [27][35]). For specified-flux experiments, water is injected into the column at a fixed rate, typically using a supply tube with a diameter less than the column apparatus (Fig. 1) . Unless the injected flow is baffled before entering the soil, the flux into the soil will be nonuniform [22] . Even experiments that are designed with fixed hydraulic head conditions at the column entrance and exit can be affected by nonuniformity in the flow field due to local variability in the materials comprising the boundaries of the column apparatus through which the water flows [32] , or because water in the supply reservoir adjoining the column is not hydrostatic.
Given that soil column experiments utilizing homogeneous media are common, it is beneficial to understand quantitatively factors that affect the results obtained from them.
Here, the flow patterns at the soil column entrance and exit are investigated. The specific goal of this study is to model explicitly nonuniform boundary conditions in steady-flow soil column experiments and, based on the model, examine features of induced nonuniform flow fields within the soil column, in particular the spatial extent over which disturbances introduced at the boundaries dissipate.
3.
Theoretical model
Axisymmetric flow in a cylinder containing a homogeneous soil, as depicted in Fig. 1 , is considered. The assumption of symmetry about the -axis means that, for planes at fixed , radial, but not angular, variations are permitted.
Steady flow in homogeneous soil is governed by Laplace's equation (e.g., [6] ), which in axisymmetric cylindrical coordinates is given by (e.g., [31] ): origin is located at ( , ) = (0,0), as shown in Fig. 1 . Eq. (1) is solved subject to: 
Eq. (2), arising from the axial symmetry, states that there is zero flux across the centerline of the column, while Eq. (3) accounts for the column's solid wall where the radial flux is zero ( Fig. 1) . At = 0 the gradient is specified. Since this is proportional to the flux in the -direction, using Eq. (4) the longitudinal flux at = 0 is specified as an arbitrary function of . The sign of the flux can be positive or negative, thus in Fig. 1 either column end can be the column entrance or exit, or flow can enter and exit both ends simultaneously, depending on the functions in Eqs. (4) and (5). Since, for steady flow, the total flux across any plane defined by a fixed value of is constant, it is redundant to specify the flux at both ends of the column. Thus, at = the hydraulic head is given as an arbitrary function of in Eq. (5).
Eqs.
(1) -(5) are written for an isotropic medium. However, the same model can be considered as being a scaled version of an anisotropic homogeneous medium with hydraulic conductivity in the direction and in the direction, where the principle directions are assumed to be aligned with the column's longitudinal and transverse axes. If the anisotropic homogeneous medium variables are identified with an asterisk, then the mapping between the scaled and asterisked models is given by = , = , = and 91 = .
The solution satisfying Eqs. (6) can be calculated from Eq. (40) upon specification of the functional forms of ( ) and ( ), respectively, in Eqs. (4) and (5), i.e.,
98 and
All variables with dimensions of length become dimensionless by scaling with , e.g., The Darcy flux components in the and directions are calculated from in Eq. (6) as, respectively (e.g., [6] ):
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The second equalities in Eqs. (9) and (10) (9) and (10), (or in dimensionless for m) is: 113
4.
Applications
The above results are used to provide exact solutions for hydraulic head and Stokes 
Smooth variation in boundary conditions
In this section a simple special case is used to provide some insight into the above ana- 
where (0, ) and ( , ) are the imposed heads at = 0 and , respectively. For = 2, the right side of Eq. is the same as that for the average head discussed above. In particular, corresponding to Eq.
(1 flux, 4), the average , is:
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With the
boundary conditions as specified in Eqs. (12) and (15), Eq. (6) becomes:
( , 0)
153 F m Eq ro . ) (11 , the stream function corresponding to Eq. (17) is: condition has a range of unity. The disturbance is at its maximum at = , where the boundary condition is applied. Inside the column, the head differences induce flow leading to dissipation of the disturbance, the magnitude of the latter decreasing with decreasing (i.e., increasing distance away from the boundary). For fixed , the range of the head variation normalized by the initial disturbance is
. Taking 
An exact expression for this quantity is derived in Appendix 3. If the initial disturbance is considered as dissipated when it is reduced by, say, a factor of , then from Eq. 
i.e., the disturbance propagates a longitudinal distance from the boundary at = into the column. For = 100, Eq. (21) (21) and (23), at a distance away from each boundary a uniform flow pattern is established for small enough aspect ratios.
In order to evaluate in more detail the dissipation length scale estimates given above, the reduction in maximum radial flux, , with was examined for the case in Fig. 2 . The results were normalized by the corresponding value at = 0, with results plotted in Fig. 3 . This metric was chosen because the maximum radial flux will monotonically decrease as the flow becomes more uniform with , independent of the form of the disturbance at = 0. As men- In this section the extreme case of a discontinuous longitudinal flux at = 0 is considered, the origin of which is depicted in Fig. 1 . This situation arises, of course, when water is added or removed from the column through an orifice with a radius less than the column radius. The its maximum extent within the column. That is, depending on the flow direction, at = 0 the flow enters or exits the column directly in the zone 0 < < (Fig. 1) , with the rest of the boundary < impervious to flow. Variability in the head condition at = is not considered since, as seen in §4.1, for small aspect ratios, the boundary conditions can be examined separately. Thus, the case of the orifice shown in Fig. 1 can be modeled by solving Eq. 
with the correspond n tokes stream function: i g S 226
The semi-infinite solutions corresponding to Eqs. (27) and (28), found for the limit ∞, are, respectively:
229 and
Eqs. (29) and (30) Returning to the finite length column, it is assumed as before that it has a small aspect ratio, in which case the summation in Eq. as it propagates into the column is controlled by the radial flux, which is proportional to .
Because the radial gradient is very large for a large flux, so too is the dissipation rate.
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Nonetheless, the conditions given in Eqs. (22) and (23) are based on the magnitude of the disturbance relative to its initial magnitude. In the extreme case of a small orifice ( small), the magnitude of disturbance at some distance from the boundary in the column could be large in absolute terms, even though it is small relative to the magnitude of the disturbance at = 0. al inspection of the head contours and streamlines suggests that the dissipation length scale is of the order of the column radius, . Nevertheless, it is also clear that the spatial variability in the applied flux disappears as . As mentioned above, this figure is based on the decay of disturbances within the column relative to the maximum variation at the = 0 boundary.
In order to examine further the behavior of the orifice-induced disturbance, the relative change in maximum longitudinal flux was calculated analytically. The result is given in Eq.
(50). As suggested by the plots in Fig. 4 , at any fixed the maximum longitudinal flux magnitude is at = 0, with the minimum at = , independent of the flow direction. Eq. 
. Again, the factor 50 included in the natural logarithm scales the result such that the horizontal axis defines a factor 50 reduction from the maximum disturbance at = 0. The plot shows that the maximum length to achieve a factor 50 reduction is Although the relative difference metric used above provides insight into the dissipation length scale, it was noted above that another applicable criterion is the absolute head difference. That is, if the maximum head difference at a given is less than a specified value, then the flow is deemed to be uniform. This condition was investigated, again using the semiinfinite solution Eq. (27) so as to consider the maximum propagation of the boundary distur-bance. Eq. (27) suggests the appropriate dimensionless form of the head difference as
285 for a centrally located orifice, recalling that at fixed the maximum and minimum heads occur at = 0 and . Fig. 6 plots this function as it varies with
286
. As before, the slope of each line in the plot is close to . As decreases the magnitude of the disturbance at the orifice boundary increases, and so the dissipation length scale increases also. The 
The relative error of the approximation Eq. (19) can easily be calculated using the exact result in Eq. where the approximation is that mentioned in §4.1, Eq. (22). Using a calculation similar to that p resented just above, the relative error of this approximation is less than 1% for 1.4.
The next case considered is that of the orifice, described in §4.2. One metric to estimate the dissipation length scale is the maximum range of the longitudinal flux at any cross-section, scaled relative to that at = 0, i.e., 
